Samples of Bacillus subtilis spores dried on membrane filter were exposed to natural sunlight from solar noon time at Tokyo. The survival and mutation induction of wild-type (UVR) and repair-deficient (UVS) spores were determined on 66 occasions since 1979. Two of the values were considered to be useful in monitoring solar UV intensity; the inverse of the time (in minutes) of exposure to kill 63% of the UVS spores ("sporocidal index") and the induced mutation frequency at 60 minutes of exposure of the UVR spores ("mutagenic index"). Both values were varied greatly due to time of a year, weather and other conditions. Estimates of year-round changes under clear skies were obtained by connecting the maximum values attained in these years. In these curves, there are more than 7-fold differences in the genotoxicity between winter and summer months, with major increases observed in early spring and decreases through autumn. Using a series of UV cut-off filters, the wavelengths most effective for the sporocidal actions were estimated to be in the range of 308 325 nm, shorter wavelengths being effective when the genotoxicity was higher. Sunburn meter of Robertson-Berger type seems to respond to slightly longer wavelength components of the solar spectrum. However, a reasonable correlation was obtained between the reading of the meter and the sporocidal index.
INTRODUCTION
Solar radiation is one of the most fundamental and ubiquitous agents affecting life on earth. In addition to indispensable and beneficial effects, it is also damaging to many organisms including man under certain circumstances, and may be considered an important environmental stress. Some of its detrimental activities of medical relevance, including skin carcinogenesis and aging, are attributable to its genotoxic effects as the cause of damage to DNA. Such activities stem mostly from the shortest end of the solar wavelengths (UVB: 280 320 nm) reaching earth's surfaces-3). The absolute energy in the UVB portion of the solar spectrum occupies only a very small fraction of the total insolation, and is likely to be most vulnerable to changes and perturbations of environmental conditions including geographic or meteorologic variations and the chemical composition of the sky4,5>
Since, in this region of the spectrum, the solar spectral intensity declines sharply as the wavelength becomes shorter, while the absorption spectrum of DNA molecule changes in exactly the opposite way, it is difficult and impractical to estimate the genotoxicity from physical deter mination of the solar spectrum. Biological determinations carried out under natural sunlight are straightforward, but as useful monitors, several requirements should be met. For example, samples should be in such a form as to allow easy transportation and outdoor manipulation, and they should be sufficiently sensitive, so that the effect can be measured even under unfavorable conditions such as in winter months or on heavily overcast days. Also, the biological endpoints assayed should be affected only by radiation and not the other factors encountered concomitantly such as heat and moisture.
A dosimetric system employing Bacillus subtilis spores has been developed to circumvent these difficulties 6,7). Bacterial spores are well-suited for such study, since samples can be dried and stored indefinitely on membrane filters before or after exposure without loss of viability. Moreover, the strains whose spores are hypersensitive to UV radiation are available. One such strain, TKJ6312, was employed in this system along with a strain of wild-type repair capability, HA101. The comparison between these two types of the spores is valuable for assessing the significance of DNA repair mechanisms coping with solar UV radiation in a natural environment.
In this report, the data obtained in 1979 1986 at Tokyo are presented, and from them the genotoxicity of natural sunlight at solar-noon time was estimated under a variety of environ mental conditions. They provide a general idea of human exposure under variable climatic conditions on a particular day of a year, and may serve as a guide for those investigators interested in employing natural sunlight to study the effects upon and the responses of various biological systems of medical and ecological importance.
MATERIALS AND METHODS
Spores of B. subtilis strain HA101 (uvr+ hisH101 metB101 leuA8) and TKJ6312 (uvrA10 ssp-1 hisH101 metB101 leuA8) were used, herein termed UVR and UVS spores , respectively7'8 .
Spore samples on membrane filter (Millipore, GSWO2500, pore size = 0 .22 ,am) were prepared as described earlier? . Each filter carrying 2.5 x 107 spores in a circular region (diameter = 6-7 mm) was attached to a slide mount, aligned in a plastic slide folder and directly exposed to sunlight in a horizontal position on the roof of this institute (35°40'N , 139°46'E, at sea level) which is situated in downtown Tokyo near Tokyo Bay.
Exposure began at solar-noon time and lasted for less than 3 hours . Duplicate samples of UVS spores were taken up into a dark box at every 5 minutes under a clear sky in summer and at every 30 minutes in winter. Time intervals were flexible dependent on weather and season . Duplicate samples of UVR spores were taken up at every 30 minutes .
After exposure, extraction of the spores was carried out by sonication9) instead of rubbing the filter with a glass pipette as described previously?). The center part of the filter was cut out and placed in a test tube to which 1 ml of water was added . This mixture was sonicated with a cell disrupter using a 10-cm probe (Kontes) for 5 sec, thereby easing the extraction and increasing the recovery to more than 98010. The assay of colony-forming survival and the reversion of the hisH101 allele was carried out as described).
From survival data of UVS spores, the average value of the exposure time in minutes yielding 37% survival was calculated and the inverse of this value was termed "sporocidal index". From mutagenesis data of UVR spores, the induced frequency of His' reversion after 60 minutes of exposure was calculated and this was termed "mutagenic index".
Sunburn UV dose was determined with a meter of Robertson-Berger type (Sunburn UV Meter, Solar Light Co., Philadelphia) and expressed as SUh-1 (sunburn unit per hour)10). For meteorologic data, the daily record of Tokyo Meteorological Observatory situated at 2.8 Km north of this institute was consulted. Cloudiness factor in the record is measured in tenths of the sky covered.
UV cut-off filters and Mylar film were obtained from Toshiba Electric Co ..
RESULTS
Seasonal changes of sporocidal and mutagenic activities of sunlight Fig. 1 shows a typical set of data obtained; colony-forming survival and frequency of His' reversion of UVS and UVR spores plotted against the exposure time from the solar-noon time. In this type of exposure protocol, the most sensitive and accurate assay for the genotoxic action of noon-time sunlight was considered to be the survival of the UVS spores. This was determined in a relatively short period (under a clear sky, 37% survival was attained in less than 30 min even in winter months), and in these exposure periods, the survival declined exponentially against the exposure time, unless the weather changed abruptly during the exposure. Also, duplicate or triplicate samples exhibited only small variations. Thence, each survival point of the UVS spores was used to calculate "one-hit" exposure, i.e. the exposure time in minutes yielding 37% survival . The values of one-hit exposure were averaged for available data points, and these are given in column (9) of Table 1 under the heading of one-hit exposure (min) for UVS spores .
The inverse of the one-hit exposure of the UVS spores was termed sporocidal index and was taken as a measure for the sporocidal intensity of sunlight at solar-noon time . The sporocidal index is plotted versus time of a year in Fig. 2 . The data for each year from 1979 to 1986 were distinguished by different symbols (no data available in 1984). As expected, day to day varia tions are very large and are attributable to variable weather, in particular the degree of cloud cover. It is clear, however, that there is a limit of the maximum value attainable under clear skies dependent on time of a year; i.e. no value larger than 0.03 was observed in December or January. The highest points observed in these data are traced by eye and an overall view of the year-round change of the sporocidal activity is shown in the figure. The maximum sporocidal index exhibits definite and consistent seasonal changes. It is lowest (about 0 .03) in winter, increases sharply through spring and attains the highest value (about 0.22) in late spring, and stays there for summer, then decreases in late autumn. Another type of information extracted from the data concerns the mutagenicity of UVR spores. Though it generally required a longer exposure than the inactivation of the UVS spores, significant numbers of His' revertants accumulate in a relatively short exposure time even in the shoulder range of the survival curve as seen in Fig. 1 . From experience, the induced mutation frequency in the spores exposed for 60 minutes from the solar-noon time was considered to be informative, and this value was termed mutagenic index as seen in Table 1 , column (10). In Fig.  3 , the values of the mutagenic indices are plotted versus time of a year as in Fig. 2 . In this case also, the values exhibit wide day to day variations (apparently even more than for the sporocidal index) and a curve is obtained that represents the maximum possible mutagenic activity of noon time sunlight at a particular time of year. The value of maximum mutagenic index changes similarly to that of the sporocidal index; it is lowest in winter (about 5 x 10-6), increases through spring and reaches the highest value in summer (about 100 x 10-6 ), and decreases through autumn. Correlation of biological and physical determinations In the section above, two types of values were taken as indicators of sunlight genotoxicity; the sporocidal index from UVS survival and the mutagenic index from UVR mutagenesis. In addition to the sunburn-meter response, several listings from meteorological records are included in Table 1 ; temperature, humidity, cloudiness factor at 12:00 and solar insolation from 12:00 to 13:00. Questions arise as to whether and how these data are correlated.
One relatively good correlation of biological and physical determinations is found between the sporocidal index (y) and the sunburn-meter reading in SUh-1 (x) at the solar-noon time as seen in Fig. 4 . In the whole range of variations in the intensity, two values are linearly correlated; y = -0.04 + 0.102x (correlation coefficient = 0.847). However, there are many data that deviate from the relationship. One reason of this deviation could be that two determinations seem to respond differently with regard to the wavelength spectrum as will be shown below.
In contrast, the solar insolation (total fluence of radiation received on the horizontal surface of earth) is a poor indicator of biological effects, and only very poorly correlated with the sporocidal index or with the mutagenic index (data not shown). As for the climatic variables, Estimation of the effective wavelengths in solar spectrum for the sporocidal action It is important to know which wavelength region in solar spectrum contributes most significantly to the observed genotoxicity, and to estimate the changes of such wavelengths under a variety of environmental conditions. A simple empirical method to estimate such wavelengths was developed by the use of a series of UV cut-off filters made of glass or film. The transmittance of each filter in the wavelength region in question is shown in Fig. 5 . A piece of filter was placed directly upon the sample of the UVS spores, and the survival curves were taken and analysed as described above. As shown in Fig. 6 , UV25 or UV27 exerted little effect, while UV29 or UV31 reduced the sporocidal activity significantly, and UV33 or Mylar film totally abolished the activity. The effectiveness of each filter in reducing the sporocidal intensity was quantitated by calculating per cent reduction of the sporocidal index. In this set of the data, the solar sporocidal intensity was reduced by the UV29 or UV31 filter to 72% or 55% of the control, respectively. The wavelength at which the reduction of the sporocidal activity and of the transmittance coincides is found out in Fig. 5 . In this case, such coincident wavelengths are 320nm with the UV29 filter and 318nm with the UV31 filter. The two estimates agree relatively well, confirming the validity of the procedure.
These wavelengths in the solar spectrum are considered to be representative ones under the particular conditions of exposure with regard to the sporocidal action. Similar analyses have been performed on several occasions, and the results are summarized in Table 2 .
the effective wavelengths are found to be in a range of 308 325 nm. Generally, under weak sunlight as in winter or on heavily overcast days, they were longer, while under intense sunlight , they were in shorter regions. Similar analyses with the filters have been carried out for the reading of the sunburn meter. In this case, each piece of filter was placed directly on the sensor head of the meter and the readings were recorded. The data shown in Fig. 7 were obtained through the whole afternoon on the same experimental day as in Fig. 5 . As shown, the reading with each filter exhibits a proportional decline and from these, it could be estimated that each filter reduced the reading to 90% (UV27), 83% (UV29), 63% (UV31), 26% (Mylar) or 8% (UV33). Again, these values are compared with the transmittance of each filter, and the coincident wavelengths are found; in these cases, about 323nm for UV31, UV33 filter or Mylar film. This value is about 4nm longer than the value obtained by the sporocidal assay as shown above, indicating that the spectral response of the sunburn meter is shifted to longer wavelengths by several nanometers over the lethal response of the UVS spores. in summer. Since the samples exposed were placed horizontally, and were not perpendicular to the sun, the seasonal difference of the solar angle at solar-noon time would affect the intensity merely for geometric reasons. In Tokyo, the largest angle of the sun at solar-noon is 77°47' and the smallest is 30°56' on around June 20 and December 22, respectively. Thus, about 1.9-fold difference could be due to the seasonal change of the solar angle. The year-round change of the global insolation between 12:00 and 13:00 as recorded at Tokyo Meteorological Observatory reflects this; under clear skies, the value changes from 2.9 to 1.7 MJ/m2 in mid June and mid December, respectively.
It is clear that this does not explain the entire range of the variation of the sporocidal intensity, which is about 7-fold. As has been pointed out4), the absorption and diffusion by atmospheric components must be involved in creating this exaggerated pattern of the seasonal change.
Inspection of the monthly change illustrates a rather sharp increase in the sporocidal activity through February and March, and thereafter the rate of increase is moderate till June. It is of interest to speculate that this sharp increase of solar genotoxicity in early spring may be one of the reasons that sun-related skin troubles are more common in this period in Japan. High activity prevails through mid-summer (July and August). Much unexpected variations of the activity were observed in this season, which can not be explained solely by cloudiness. At this locality, humidity is generally high, air-pollution and photochemical smog are rampant in mid-summer, and they may be the causes of these variations. It may also be pointed out that it rains frequently in June and July. It would be important to determine and discriminate between the contributions of climatic and man-made activities, which may be accomplished by similar determinations carried out at a less polluted locality, preferably at the same latitude. During autumn, the activity declines steadily and reaches the lowest level in November. Thus, the pattern of the annual change seems to be nearly symmetrical and bell-shaped.
Although the data are rather sporadic with this respect, a definite trend of the change in the sporocidal intensity has not been observed in these several years. This is consistent with the sunburn UV meter measurements carried out in Europe and North America through these years, which also indicate no net increase (or a small decreasing trend in the later report) in the UV intensity11,12> Small changes may not be detected in our system, and clearly more data and different strategy for data analysis are required to detect any trend such as a possible increase predicted as the result of the destruction of the ozone layer in stratosphere by the anthropogenic release of fluorocarbons13'14 With regard to this global problem of public concern, the need for biological monitoring systems should be stressed, and this is likely to be the best characterized system so far available. In order to detect the changes in biologically relevant solar UV intensity, consistent and continuous monitoring studies are crucial, and natural variations should be carefully followed and characterized.
The values of sporocidal and mutagenic indices are positively correlated (linear regression between sporocidal index and mutagenic index has a correlation coefficient of 0.56), and they exhibit a similar pattern in the seasonal changes. However, direct correlation is rather poor, and the mutagenic index seems to exhibit more unexpected fluctuations especially in summer. The two indices have different biological implications: the UVS sporocidal index most likely reflects the rate of formation of spore photoproducts, which are lethal when not repaired. It has been estimated that about 400 thyminyl dihydrothymine residues per spore genome constitute one lethal hit in this strain6'8 . On the other hand, the mutagenic index records the accumulation of His' revertants in repair-proficient wild-type spores in the 1-hour period from solar-noon. In the case of wild-type spores, the nature of the photoproducts responsible for either lethality or mutagenicity is not known. When induced mutation frequencies are plotted against lethality for the UVR spores, the linearity that stands for 254nm UV exposure, is not seen. Specifically, at higher lethality, the mutant yield is lower than expected from the monochromatic UV radiation (data not shown). This seems to indicate that some unknown factors are involved; for example, the shorter and longer wavelength components in sunlight may interact as has been pointed out with Escherichia coli cells 15). Definitely, more careful quantitative analyses together with biochemical identifica tion of the responsible DNA damage are required to understand these phenomena. Despite these problems and unknowns, the incorporation of mutagenic index in this monitoring system is thought worthwhile, since mutagenesis in the repair-proficient organism appears to be pertinent to the cause of skin carcinogenesis in man. It is noteworthy that strong mutagenic stress is imposed upon wild-type organisms by natural sunlight.
It is important to know which wavelengths in sunlight cause genotoxicity, and how they change under various conditions. Setlow5) made such an estimate by comparing the action spectrum for DNA damage and the physically determined solar spectrum, and his analysis showed that around 305nm is the most important for causing DNA damage. The physical solar spectrum used for Setlow's calculation is from the determination at Gainsville, Florida (30°N) and much more intense than that observable at Tokyo. Here, a simple empirical method has been developed to estimate effective wavelengths using filters, and the range of the wavelengths obtained is 308 325 nm. The shorter ones were obtained under the higher intensity. This argues that when the length of light path is longer (the larger zenith angle), the shorter wavelength radiation is more effectively absorbed or scattered by atmospheric components.
The correlation between sporocidal index and the reading of sunburn meter is relatively good, and the latter can be used to predict the former. From the linear regression shown in Fig. 4 , 10-min exposure would give one lethal hit to UVS spores, when the meter reading is one SUh-1. Thus, one SU is equivalent to 12J/m2 of 254nm or 15,000J/m2 of 313nm7 . But the correlation is not perfect, and one problem with the meter response was noticed from the estimation of the effective wavelength: under the same conditions of determination, the meter response is shifted to longer wavelengths than the sporocidal response by several nanometers. It is notable that the sunburn meter response has been shown to be shifted to longer wavelengths by several nanometers from the erythema spectrum for Caucasian skinlo,l6)This coincidence indicates that the erythema response and sporocidal action correspond remarkably well in the UVB region of the solar spectrum.
From a radiobiological point of view, it is of particular interest to know how each organism behaves in response to natural sunlight, and to comprehend the exact range of the capacity to tolerate such stress. In this regard, one major shortcoming of this system is that the bacterial spores respond uniquely to UV radiation. The reason for the production of spore photoproducts is believed to be due to the different conformational state of DNA molecule in spores from vegetative cells, and thence, the monitoring data obtained could not be extrapolated directly to the situation in the biological systems of more immediate concern such as human skin. Still, it is thought that this is useful for dosimetric purposes as a standard or reference system for the experiments carried out with usually more complex system, since it is suspected that one of the primary reasons why natural sunlight has not been explored enough as an experimental source of radiation is the lack of a standard system to allow a reasonable dosimetric comparison. For example, the data obtained with this spore system concomitantly carried out with the exposure of particular biological specimen could be used to obtain a conversion factor for the equivalent activity of monochromatic 313nm or 254nm radiation, and this will undoubtedly increase the significance of the data obtained under different conditions and settings.
